In recent years, the study of the properties of ionic liquids (ILs) and their structures has developed largely. Among the common physicochemical properties of pure ILs, electric conductivity (EC) is of crucial importance for both practical and fundamental viewpoint. In order to develop effective models for predicting the EC value of various ILs, the relationship between the structural descriptors and the EC of thirty-five ionic liquids at different temperatures was investigated by multi-linear regression (MLR) and a back propagation artificial neural network (ANN). As a result, a three layer ANN with four variables selected by the MLR model as input nodes was successfully set up. The descriptors selected by MLR were suitable and significant to be the input nodes of the ANN model in this study. Moreover, the ionic conductivities calculated by the ANN model, having a high correlation coefficient and low root mean squared error, were quantitatively in good agreement with the experimental values. The ANN model was proved to be better than the MLR model.
INTRODUCTION
In the last decades, ionic liquids (ILs) have attracted increasing interest in countless fields of physical and chemical sciences as "designer solvents". 1 Their properties, such as high chemical and thermal stability, low vapor pressure and high ionic conductivity, drive their popular application as useful media for synthesis, catalysis, extraction and separation processes. [2] [3] [4] [5] [6] Among the common properties of pure ILs, conductivity is of crucial importance for both practical and fundamental viewpoints. 7 The study of the conductivity of ILs was fully reviewed by Galinski et al. 8 In recent years, methods to investigate the properties of ILs Moreover, the molecular connectivity index is a term that reflects the relative accessibility of each bond to encounter other bonds of the same molecule in a milieu. The essence of molecular connectivity is the encoding of structure in a non-empirical way, which is thought to be helpful in the investigation of the physical properties. 35 Molecular connectivity index used in this study contained a chi index of zero order ( 0 Χ), first order ( 1 Χ) and second order ( 2 Χ). Eleven functions, such as linear, multinomial, exponent, logarithm and power function etc., were explored to fit the relationship between each descriptor and conductivity. 0 Χ cation was found to have a good S function relationship with the conductivity of ILs.
To predict the conductivity of ionic liquids at different temperatures, the temperature (T) must be considered as a variable in the models. In addition, the temperature and EC had a good quadratic polynomial relationship. Thus, the temperature (T), the S function of 0 Χ cation (S) and the square of temperature (T 2 ) were also explored in this study. To decrease the redundancy existing in the descriptor data matrix, the descriptors correlation with each other and with the conductivity of the ILs were examined and collinear descriptors (i.e., r 2 > 0.9) were detected. 36 Among the collinear descriptors, the one with the highest correlation with the conductivity was retained and the others were removed from the data matrix.
Prediction models
The prediction models for the conductivity of ILs were obtained by correlating the selected descriptors with the conductivity of corresponding ILs by the MLR and BP ANN methods. For a comparison of the different results from the MLR and BP ANN models, the training set and validation set were combined as one data set (called the construction set in the following text) and regressed to construct the MLR model, and the test set was used to evaluate the prediction capability of the models. The linear model was found with MLR method by the statistical package of the Social Sciences (SPSS) software. The model which had the highest squared correlation coefficient (R 2 ) was selected as the MLR prediction model to investigate the conductivities of the ILs. The descriptors determined in the linear model were selected as the input node of the ANN, and the conductivity of the ILs was considered as the output node. All parameters were first normalized to a scale of zero to one prior to use as the training, validation or testing data to avoid numerical overflows during the ANN process. The initial weights of the training network and momentum factor were random numbers. Then different training times, learning rates and number of neurons in the hidden layer were inputted to calculate the conductivity of ILs in training sets by means of the BP ANN method. The ANN algorithms were implemented in MATLAB programming language.
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RESULTS AND DISCUSSION
The relationship between the descriptors and EC Twenty-eight ionic liquids having conductivity data at 298.1K were used to investigate the relationship between the descriptors and conductivity. Eleven common functions were explored to fit each descriptor and conductivity. The EC was found to have a good S-function relationship with 0 Χ cation (S), and the S function between 0 Χ cation and the EC is shown in Fig. 2 . The effect of temperature (T) was also studied. The relationship between the temperature and EC of the ionic liquids having more than one data point was all investigated. The rule was found that the temperature had quadratic polynomial relationship with EC for all the studied ionic liquids and had R 2 values higher than 0.98.
MLR Study
The descriptors were potential variables for the MLR model, which were chosen through correlation analysis. The linear relationship between these descriptors and EC was set up using the MLR model using SPSS software. The good correlations with experimental conductivity were selected based on R 2 . Then, those descriptors without notable influence on R 2 were deleted and the model R 2 = 0.836, F = 331.818, sig = 0.000 (for all variables and the model) In the SPSS software, a sig value smaller than 0.05 indicates that the MLR model is of obvious statistical significance. In order to evaluate the model better, two aspects were compared concerning the prediction capability for different ionic liquids and the prediction capability for the same kind of ionic liquid but at different temperatures.
To illustrate the capability for different ionic liquids, the EC in the middle point of the temperature range for every ionic liquid was collected and analyzed. The calculated results for different ILs in the construction set and test set by MLR model are listed in Table III . The results of the construction set reflected the fitting capability of the models. The remaining data, which did not construct the model, were collected as the test set to evaluate the prediction capability of the related models. For MLR model, the predicted conductivity of ILs in test set was calculated according to Eq. (1). The results in Table III suggested a minimum absolute error of 0.039, a maximum absolute error of 1.469 for the construction set, and a minimum error of 0.136 and a maximum error of 3.0 for the test set. The differences between the actual and estimated values were measured by the root mean squared error (RMSE), which is calculated as:
where i represents the i th sample, exp i y is the experimental values, and y i cal is the predicted value by the model, n is the number of samples in the data set. 37 The RMSE of MLR model was 0.674 for construction set and 1.380 for test set, respectively. Fig. 3 shows the plots of the calculated electric conductivities by MLR model versus the experimental ones, with R 2 = 0.8044 for construction set and 0.5264 for test set. The fitting and prediction capabilities for the same kind of ionic liquid at different temperatures of MLR model were indicated by the RMSE of each kind of ILs in construction set and test set, respectively (Table IV) .
The values of RMSE and R 2 for the MLR model suggested that the fitting and prediction capability of the MLR model were not good, especially of the latter. This means that the relationship between the structure and the conductivity of ionic liquids is not perfectly linear. However, compared with other methods used for the selection of descriptors, the MLR method is always faster and easier to implement.
BP ANN study
For the training, validation and test data sets, their ANN models were established by BP ANN analysis based on their descriptors obtained by the MLR model. The employed neural network in this modeling problem had four input nodes, corresponding to the four operating variables, i.e., E HOMO-anion , μ anion , S and T 2 . The experimental data of the conductivity was the output node of the BP ANN. After optimization, a three-layer BP ANN was set up. The number of neurons in the hidden layers was 16, and the learning rate was 0.01. A log-sigmoid transfer function within the hidden layer and a linear transfer function within the output layer were used for the ANN model. According to the literature, 36,38 a validation set was employed to avoid over-fitting and optimize the weight value in this study. As the initial weights were random numbers produced by the computer, the weights may be converged on a local optimal. In order to avoid local optimal results, the ANN was calculated many times with different initial weights to obtain the global optimal result. Finally, the obtained ANN model was selected as a prediction model of the conductivity of ILs, which achieved the goal of training set and had good performance for validation set. Similarly, the fitting and prediction capabilities for the same ionic liquids at different temperatures are given in Table IV . It could be concluded from Table III and Fig. 4 that the conductivities of the ionic liquids were mostly well predicted by the ANN model, and the results proved the good fitting and prediction capabilities of the constructed ANN model for these samples. Compared with the MLR model, the ANN model had larger R 2 and smaller RMSE values than those of the MLR model. Moreover, the RMSE of the ionic liquids calculated by the ANN in Table IV were all smaller than those calculated by the MLR model. Based on above analysis, the prediction precision of this ANN model was high, and better than that of MLR model. In addition, the descriptors selected by the MLR model as the input node of the ANN model performed well in fitting and predicting the experimental data. On the other hand, both Tables III and IV suggested that the results for the test set were worse than those for the construction set. It was discussed in MLR study section that the ANN model had a much stronger fitting capability and better prediction precision than the MLR model. However, the results showed that some ionic liquids in the test set were not predicted well by ANN. For instance, the ionic liquid 29 was not predicted well, so all the ionic liquids with the same structural type as 29 were analyzed. The number of data points for this type of IL was 49, but only 13 data were in training test. In addition, the conductivity of ionic liquid 4 with ten data points in training set was very different from the others. For example, its conductivity was over 4 S m −1 at 373.15 K, while the others were all smaller than 3 S m −1 . Above all, the lack of experimental data for the training set may be the reason for the large deviation of IL 29. Moreover, in the region of ionic conductivities lower than 0.1 S m −1 , a decrease in the prediction accuracy was found. It was noteworthy that the same phenomenon also 664 CAO et al. emerged in another study. 13 However, compared with the results in the previous study, the range of prediction accuracy was extended from 0.6 to 0.1 S m −1 in the present model. The ANN model was proved to be a relatively accurate prediction model and much better than the MLR model.
Analysis of the variables
The four descriptors employed in the MLR and ANN models were E HOMO-anion , μ anion , S and T 2 . Multi-co-linearity between the four descriptors was detected by calculating their variation inflation factor (VIF) as: 37 To analyze the influence of descriptors on the EC values, the weights between input layer and hidden layer (shown in Table V) were studied. The results given in Table V suggested that temperature, which is a thermodynamics variable, was the most important influencing factor for the EC of the ILs. Except temperature, the other three descriptors reflected the relationship between the structural characteristics and the EC of the ILs. According to previous analysis presented above, 0 Χ cation is a good S function of EC at 298.1 K. Among the three variables, S founction of 0 Χ cation , which is related to the structural character of the cation, had the largest total weight value. 0 Χ cation is the molecular connectivity index of a cation and it could represent information of structural characteristics containing size, number of valence electrons and the number of hydrogen atom attached to non-hydrogen atoms in the molecule. 40 The meaning of 0 Χ cation and its total weight value analysis suggested that EC was related to the structural type of the cation, which was also proved by Matsuda et al. 13 in another model. μ anion and E HOMO-anion are both related to the activity of anion. Affirmatively, different E HOMO -E LUMO gaps will lead to different conductivities. If the HOMO energy is lower, the electron work function will increase and electron transfer becomes more difficult. Dipole moment can reflect polarizability and is closely related with the capacity to conduct electricity. This indicated that the EC of the ionic liquid in this study might be determined by the kind of the cation to a great degree and simultaneously influenced by the activity characteristics of the anion. 
CONCLUSIONS
In this study, linear and ANN models were established based on the MLR and BP ANN methods to fit and predict the conductivity of ILs. 364 experimental conductivity data of the ILs were used to establish the models and test their predictive capability. The ANN model with R 2 = 0.9966 and RMSE = 0.072 for training set showed good fitting capability. The predictive capability of the ANN model was also reflected by its R 2 = 0.9703 and RMSE = 0.544 for the test set. The two models were found stable by VIF analysis. The R 2 and RMSE values of two models proved the ANN model was better than the MLR model. The results indicated the non-linear modeling might be more rational for the prediction of conductivity. It is worth mentioning that the descriptors selected by MLR were suitable and significant to be the input nodes of the ANN model in this study. The weights between the input layer and hidden layer were also analyzed, which indicated the conductivity of ionic liquid in this study might be determined to a great degree by the kind of cation and influenced by the activity characteristics of the anion. In summary, the developed ANN model proved itself to be promising for the prediction of the conductivity of various kinds of ionic liquids at different temperatures.
666
